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Abstract
Saccharides are still commonly isolated from biological feedstock by crystallization from aqueous solutions. Precise ther-
modynamic data on solubility are essential to optimize the downstream crystallization process. Solubility modeling, in 
turn, requires knowledge of melting properties. In the first part of this work, following our previous work on amino acids 
and peptides, D-α-glucose, D-β-fructose, D-sucrose, D-α-galactose, and D-α-xylose were investigated with Fast Scanning 
Calorimetry (FSC) in a wide scanning rate range (2000 K·s−1 to 10000 K·s−1). Using the experimental melting properties of 
saccharides from FSC allowed successfully modeling aqueous solubility for D-sucrose and D-α-galactose with the equation 
of state PC-SAFT. This provides cross-validation of the measurement methods to determine accurate experimental melting 
properties with FSC. Unexpectedly, the experimental FSC melting temperatures, extrapolated to zero scanning rates for 
thermal lag correction, were higher than results determined with DSC and available literature data. To clarify this inconsist-
ency, FSC measurements towards low scanning rates from 10000 K·s−1 to 1 K·s−1 (D-α-glucose, D-β-fructose, D-sucrose) 
overlapping with the scanning rates of DSC and literature data were combined. At scanning rates below 1000 K·s−1, the 
melting properties followed a consistent non-linear trend, observed in both the FSC and the literature data. In order to 
understand the non-linear decrease of apparent melting temperatures with decreasing heating rate, the endothermic peaks 
were investigated in terms of isoconversional kinetics. The activation energies in the non-linear dependency region are in 
the range of 300 < E

A
< 600kJ ∙mol

−1 . These values are higher than the enthalpy of sublimation for D-α-glucose, indicating 
that the non-linear behavior does not have a physical nature but attributes to chemical processes corresponding to the decom-
position of molecular compounds within the crystal lattice before melting. The melting properties reported in the literature, 
commonly determined with conventional methods such as DSC, lead to inaccurate results due to the decomposition of these 
biomolecules at low heating rates. In addition, the FSC results at lower scanning rates coincide with results from DSC and 
literature in the overlapping scanning rate range, further validating the accuracy of FSC measurements to determine reliable 
melting properties of thermally labile biomolecules. The experimental FSC melting properties determined at higher scan-
ning rates are considered as the correct equilibrium melting properties, which are not influenced by any chemical processes. 
The combination of FSC and PC-SAFT opens the door to model solubility of solid compounds that commonly decompose 
before melting.

Keywords  Saccharides · Melting enthalpy · Melting temperature · Thermodynamics · Solubility · Solid–liquid equilibrium · 
PXRD · FSC · PC-SAFT

Introduction

Saccharides, in general, are essential ingredients in foods, 
pharmaceutics, or cosmetics, and they are important for 
the food industry. The knowledge of phase equilibria of 
saccharide solutions is indispensable. Due to the high vis-
cosity of saccharide solutions, the experimental effort for 
its determination is time-consuming and cost-intensive. 

Yeong Zen Chua and Hoang Tam Do Shared first authors.

 *	 Christoph Held 
	 christoph.held@tu-dortmund.de

Extended author information available on the last page of the article

/ Published online: 28 December 2021

Food Biophysics (2022) 17:181–197

http://orcid.org/0000-0001-6736-5491
http://orcid.org/0000-0003-1074-177X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11483-021-09707-6&domain=pdf


1 3

The modeling of phase equilibria via a thermodynamic 
model is highly desired. The solubility in water (D-α-
glucose [1, 2], D-β-fructose [3, 4], D-sucrose [3, 5, 6], 
D-α-galactose[7], and D-α-xylose[1, 7]) or in etha-
nol–water mixtures (D-α-glucose [2, 8, 9], D-β-fructose 
[9, 10], and D-sucrose [9, 11, 12]) have been widely inves-
tigated because of their crucial importance for industrial 
processes. Most of the solubility studies are carried out 
using the gravimetric method. The melting temperature 
(as well as the boiling temperature) is often the decisive 
factor whether crystallization (distillation) from solution 
is the most suitable separation method since it character-
izes the phase state of the solute/solvent under the given 
conditions. Incorrect melting temperatures can lead to the 
consequence that the wrong separation method could be 
chosen.

This is of high interest in the pharmaceutical industry, 
where the knowledge of the solubility of organic compounds 
in pure solvents and solvent mixtures determines the syn-
thesis and purification processes [13–15]. Since experi-
mental determination of solubility is time-consuming and 
cost-intensive, modeling of solubility behavior of organic 
compounds through thermodynamic models is desirable. For 
accurate solubility modeling of organic compounds, reliable 
physical properties such as melting properties are crucial.

Melting parameters, as thermodynamic properties, are 
essential for the fundamental understanding of the struc-
ture of compounds and corresponding materials. Generally, 
melting properties of thermally unstable biomolecules are 
inaccessible with conventional methods, e.g. Differential 
Scanning Calorimetry (DSC), due to chemical decompo-
sition (degradation) [16].With the access to high scanning 
rates with Fast Scanning Calorimetry (FSC), thermodynamic 
properties such as melting properties can be directly meas-
ured, especially for biomolecules without decomposition 
[17, 18]. Recently, an experimental FSC method has been 
developed for the successful determination of the melting 
properties of amino acids [19, 20], peptides [21, 22], nucle-
obases [23, 24], bio-polymers [17, 18] and low molecular 
mass pharmaceuticals [25].

In this work, we continue our previous research and char-
acterize the melting properties of D-α-glucose, D-β-fructose, 
D-sucrose, D-α-galactose, and D-α-xylose employing the 
established experimental FSC method [19, 21, 26]. The sac-
charides were measured with FSC in a wide range of scan-
ning rates from 2000 K·s−1 to 10000 K·s−1, and the experi-
mental melting properties, extrapolated to zero scanning 
rates for thermal lag correction, were used as an input for 
the thermodynamic modeling framework PC-SAFT to model 
the aqueous solubility of the saccharides. As a result, the 
solubilities of D-sucrose and D-α-galactose were success-
fully modeled and were found to be in good agreement with 
the experimentally determined data. This provides validation 

of the melting properties determination via the experimental 
FSC method.

The melting parameters of saccharides were widely stud-
ied before with conventional calorimetric techniques, e.g. 
DSC. Unexpectedly the experimental melting properties 
determined with FSC were higher than results determined 
with DSC and available literature data. Due to low heat-
ing rates of the order of K min−1, degradation could not 
be excluded in these experiments, though most literature 
data neglected the influence of degradation [27–33]. This 
discrepancy of melting properties between FSC and DSC 
was first observed by Magon et al. in studying the melting 
of D-sucrose with FSC, where a much higher melting tem-
perature was determined by FSC at 1000 K s−1 (470 K) com-
pared to the value determined by DSC at 10 K min−1 (424 K) 
[33]. The discrepancy was, at that time, mainly attributed 
to thermal lag and superheating [33]. However, the FSC 
measured melting properties extrapolated to zero scanning 
rates for correction of the thermal lag were nevertheless still 
higher than the DSC results. Another study by Toda et al. on 
the melting kinetics of D-sucrose by FSC revealed a change 
from “chemically” initiated melting to a first-order melting 
transition with superheating [34].

This unexpected observation leads us to study further 
experimental melting properties of D-α-glucose, D-β-
fructose, D-sucrose with the FSC technique in a broader 
scanning rate range from 1 K·s−1 to 10000 K·s−1. This 
extended scanning rate range provides an overlap between 
FSC and DSC, both remeasured and literature data. The FSC 
results were then analyzed in terms of isoconversional kinet-
ics in order to explain the observed unexpected behavior.

Experimental

Materials and Reagents  The saccharides, D-α-glucose, D-β-
fructose, D-sucrose, D-α-galactose, and D-α-xylose, were 
purchased and used without further purification, listed in 
Table 1.

Differential Scanning Calorimetry (DSC)  A Pyris 1 DSC 
(PerkinElmer, USA) connected to an intracooler 100PE 

Table 1   Substances, suppliers, CAS numbers, and mass-specific puri-
ties of the reagents used within this work

Substances Supplier CAS no Purity

D-α-glucose Merck 50–99-7  ≥ 98
D-β-fructose Sigma-Aldrich 57–48-7  ≥ 99
D-sucrose Sigma-Aldrich 57–50-1  ≥ 99.5
D-α-galactose BioChemica 59–23-4  ≥ 99
D-α-xylose Sigma-Aldrich 58–86-6  ≥ 99
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(Huber, Germany) was utilized to characterize the thermal 
behavior of the saccharides D-α-glucose, D-β-fructose, 
D-sucrose, D-α-galactose, and D-α-xylose at low heating 
rates. The measurements were performed starting from 223 
to 423 K, with a scanning rate ß = 10 K∙min−1 (0.16 K·s−1), 
and under an inert atmosphere of dry nitrogen with dew 
point lower than 160 K. Heat flow and temperature determi-
nations were verified with indium and benzoic acid follow-
ing the procedure recommended by GEFTA [35].

Each DSC measurement was performed with three consecu-
tive steps: (i) empty reference and sample pans (for asymme-
try correction of DSC), (ii) empty reference pan and sample 
pan with sapphire (for calibration), and (iii) empty reference 
pan and sample pan with the sample [35]. Before step (iii), 
the sample was degassed in a vacuum chamber for 2 h at 
323 K to remove any water or volatile impurities. For each 
sample, the DSC measurements were repeated two times to 
ensure reproducibility [36–38].

Fast Scanning Calorimetry (FSC)  The melting properties of 
saccharides were determined with a Flash DSC1 fast scan-
ning calorimeter (Mettler Toledo, Switzerland). First for 
D-α-glucose, D-β-fructose, D-sucrose, D-α-galactose and 
D-α-xylose in the scanning rate range from 2000 K∙s−1 
to 10,000 K∙s−1, and then for D-α-glucose, D-β-fructose, 
and D-sucrose in the extended scanning rate range down to 
1 K∙s−1. For all measurements, the start temperature was 
303 K. The small samples (< 100 ng) were placed on the 
thin film chip sensor UFS1 [39] and measured under an 
inert atmosphere of dry nitrogen with a flow rate of about 
50 ml∙min−1. The FSC measurement method was similar 
to the previously detailed experimental method [17, 19, 40, 
41]. After conditioning and correction of the UFS1 sensor, 
as requested by the manufacturer, temperature calibration 
was performed according to the GEFTA recommendation 
using indium, bismuth, and tin [35].

Experimental Procedures  In Fig. 1, the temperature–time 
profiles for DSC (top) and FSC (bottom) measurements 
are shown. The temperature–time profiles can be divided 
into three stages: (i) first stage for sample mass determina-
tion, (ii) the second stage for sample melting, and (iii) the 
third stage for the determination of the glass transition tem-
perature, heat capacity difference between liquid and solid 
(glass) phases, as well as possible mass losses.

For DSC measurements in the first “reference” stage, 
the sample was heated at 10 K/min in steps of 50 K and 
isotherms of 2 min between each step. The temperature range 
for reference scans was chosen to have reproducible heating 
and cooling cycles. The reproducibility between scans #1 
and #3 indicates no mass loss in this temperature range due 

to sublimation or chemical transformations. In this stage, 
the specific heat capacity of the sample in the solid state was 
obtained and fitted linearly, allowing to extrapolate to higher 
temperatures, e.g. the melting temperature, according to

where acS
p0i

 is the slope and bcS
p0i

 is the intercept of the solid-
state specific heat capacity function.

In the second stage, the sample was heated only slightly 
above the melting temperature to melt the sample fully 
and simultaneously minimize possible chemical degrada-
tion and sublimation/evaporation of the sample at high 
temperatures. If crystallization was avoided upon cooling 
the melted sample, the glass transition was determined in 
cooling segment #6 and the following heating and cooling 
cycles in the third stage.

For FSC measurements, a similar temperature–time 
profile as for the DSC measurements was used (Fig. 1) but 
on a totally different time scale (compare top and bottom 
time axis). After melting the sample (heating segment 
#5), the following cooling segment is subdivided into a 
cooling segment at the maximum possible cooling rate 
(#6, 10000 K∙s−1) followed by cooling at 500 K∙s−1 (#7). 
This strategy effectively reduces chemical degradation and 
evaporation/sublimation of the sample at high temperatures 
and allows detection of the glass transition and the heat 
capacity of the deeply supercooled state from the first cooling 
scan (#7) [24].

(1)cS
p0i

=

(
acS

p0i
∙ T

)
+ bcS

p0i
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Fig. 1   Temperature–time profile for DSC (top) and FSC (bottom) 
measurements, consisting of three stages. 1st stage: sample mass 
determination (red segment), 2nd stage: sample melting (green seg-
ment), and 3rd stage: reheating of the supercooled sample (blue seg-
ment). The cooling segment #6 at 10,000 K∙s−1 was added to reduce 
the time at high temperature and to avoid significant degradation, 
evaporation and sublimation
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As the samples measured in FSC were too small for direct 
determination of sample masses, the initial masses of the 
samples are determined as

where CS
p0i

 [J∙K−1] is the solid-state heat capacity determined 
in the first stage of the FSC measurements and cS

p0i
 

[J∙g−1∙K−1] is the specific heat capacity determined in DSC 
measurements at equal temperatures. For the first stage of 
the FSC measurements, the scanning rate of 500 K∙s−1 was 
applied. The maximum temperature was chosen such that 
repeated heating and cooling cycles show reproducibility 
without sample mass loss due to sublimation or degradation. 
It was concluded in a previous work that determination of 

(2)m0 =

CS
p0i
[J ∙ K−1

]

cS
p0i
[J ∙ g−1∙K−1

]

m0 using Eq. (2) comes with an error of max. 11%, caused 
by FSC instrumental uncertainty and CS

p0i
  measurements 

compared to literature19.
Once the initial mass of the sample was determined, the 

melting properties (onset melting temperature, TSL
0i

 and spe-
cific melting enthalpy, ΔhSL

0i
 ) were determined in the heating 

step #5 in the second stage, as

where the enthalpy change, ΔHSL
0i

 , is the peak area from the 
heat-flow curve in heating step #5 and M is the molar mass. 
The specific melting enthalpy,ΔhSL

0i
 , is determined from the 

slope of the sample mass dependency of ΔHSL
0i

 ; for details, 
see Fig. 4 and references [22, 23, 41]. In order to ensure 
good thermal contact between the sample and the sensor 

(3)ΔhSL
0i

=

ΔHSL
0i

∙M

m0

Fig. 2   Extrapolated onset temperature of the melting peak for 
(left) D-α-glucose, (middle) D-β-fructose and (right) D-sucrose 
as a function of heating rate. The melting temperature at zero heat-
ing rate is TSL

0Glucose
  =  (448 ± 7)  K, TSL

0Fructose
  =  (420 ± 7)  K and 

T
SL

0Sucrose
 = (474 ± 9) K. The scanning rates used were 2000 K∙s−1 (red 

circles), 4000 K∙s−1 (green up-triangles), 6000 K∙s−1 (blue down-tri-
angles), 8000 K∙s−1 (cyan diamonds), 10,000 K∙s−1 (magenta stars). 
Solid symbols represent sample measurements without silicon oil, 
while empty symbols for sample measurements with silicon oil. The 
results for D-α-galactose and D-α-xylose are in Figure S3 in SI

Fig. 3   Enthalpy for (left) D-α-glucose, (middle) D-β-fructose and 
(right) D-sucrose in respect to initial sample mass. The slope of 
the linear fits through zero origin was denoted as melting enthalpy, 
with ΔhSL

0Glucose
  =  (40 ± 5)  kJ∙mol−1, ΔhSL

0Fructose
  =  (35 ± 4)  kJ∙mol−1, 

Δh
SL

0Sucrose
 =  (45 ± 5) kJ∙mol−1. The symbols used were as described 

in Fig. 2. The results for D-α-galactose and D-α-xylose are in Figure 
S3 in SI
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surface and to minimize sublimation/evaporation, the sample 
can be covered with silicon oil before heating step #5.

Due to the possible decomposition of the saccharides, the 
melting temperaturewas determined at relatively high heat-
ing rates. The peak-onset melting temperature TSL

�

0i
(�) of the 

endothermic melting peak was measured using heating rates 
from 2000 K∙s−1 to 10000 K∙s−1. The equilibrium, thermal 
lag corrected melting temperatures TSL

0i
 were determined by 

linear extrapolation of TSL

�

0i
(�) to heating rate ß = 0 K∙s−1 

[35].
The specific heat capacities of the melted sample in the 

second stage and the liquid state above the glass transition 
in the third stage were jointly fitted to a linear function. The 
linear equation of the specific heat capacity of the liquid 
state is

where acL
p0i

 is the slope and bcL
p0i

 is the intercept of the liquid 
state specific heat capacity function.

For the determination of the glass transition tempera-
ture, only samples not covered with silicon oil were uti-
lized. After melting, the samples were quenched rapidly 
at 10000 K∙s−1 to reduce evaporation or crystallization. In 
the third stage, the melted sample was reheated to deter-
mine the parameters of the glass transition. The specific 
heat capacity of the liquid state above the glass transition 
from the third stage and the liquid heat capacity from the 
second stage, step #7, were jointly fitted linearly.

Solubility Modeling with PC‑SAFT  The melting properties 
determined experimentally with FSC in this work were 
applied in an equilibrium framework to model solubility of 
saccharide in water. Assuming a pure solid phase, the mole-
fraction based solubility xL

i

 can thus be calculated according 
to Prausnitz [42] as

with �L
i

 as the activity coefficient of the saccharide, R the 
universal gas constant, ΔhSL

0i
 the melting enthalpy at melting 

temperature and TSL

0i
 the melting temperature. The ΔcSL

p0i
(T) 

is the temperature-dependent difference between the heat 
capacities in liquid (L) and solid (S) state of a pure saccha-
ride determined from Eq. (6), where acL

p0i
 ( acS

p0i
 ) and bcL

p0i
 ( bcS

p0i
 ) 

as the slope and the intercept of the heat capacities from 
Eq. (1 ) and (4), respectively.

(4)cL
p0i

=

(
acL

p0i
∙ T

)
+ bcL

p0i

(5)ln

(
xL
i
∙ �L

i

)
=

ΔhSL
0i

R∙TSL
0i

(

1 −
TSL
0i

T

)

−

1

R ∙ T ∫
T

TSL
0i

ΔcSL
p0i
(T)dT +

1

R∫
T

TSL
0i

ΔcSL
p0i
(T)

T
dT

(6)ΔcSL
p0i
(T) =

(
acL

p0i
− acS

p0i

)
∙ T +

(
bcL

p0i
− bcS

p0i

)

The detailed PC-SAFT description is provided in the 
Supplementary Information (SI). The PC-SAFT pure-com-
ponent parameters used for the saccharides are already 
published in the literature [4]. The pure-component 
parameters were fitted to non-solubility properties such 
as osmotic coefficient and mixture density data in water 
at T = 298.15K using parameters in Table S1 in the SI. 
The diagrams of the fitted osmotic coefficients and mix-
ture densities are shown in Figure S1 – S2 in the SI. The 
PC-SAFT pure-component parameters, as well as binary 
interaction parameters for the dispersion energy between 
the saccharide and water as used in this work, are listed 
in Table S1 in SI.

By analyzing Eq. (5) it can be seen that the melting 
parameters differently influence the solubility. An increase 
of ΔhSL

0i
 and TSL

0i
 leads to a decrease of solubility while 

simultaneously an increase in TSL

0i
 and ΔcSL

p0i
(T) will change 

the solubility-temperature curve to lesser temperature 
dependency. The influence of the solvent is taken into 
account with �L

i

 , which describes the interactions between 
the saccharide and the solvent in the liquid phase.

Additionally, the isothermal method with excess of the 
solute was applied to determine the aqueoues solubility 
and examine the crystal structure of the solid deposit in 
equilibrium with the saturated solutions at T = 298.15K 
and T = 323.15K . The crystal structure of the solid phase 
was measured by Powder X-Ray Diffraction (PXRD). The 
solubility model based on Eq. (5) and (6) requires that 
the crystal structure of the pure compound and the solid 
compound in the equilibrium state do not change during 
the solubility measurement.

Results

Melting properties with FSC. Following the experimental 
FSC method established in our previous research and char-

acterization of melting properties of amino acids and pep-
tides [19–22], the saccharides D-α-glucose, D-β-fructose, 
D-sucrose, D-α-galactose, and D-α-xylose were character-
ized experimentally with Fast Scanning Calorimetry (FSC) 
with scanning rates from 2000 K∙s−1 to 10,000 K∙s−1. The 
onset temperatures, TSL

�

0i
(�) , from the melting peak in heat-

ing step #5 with respect to heating rates, β, were shown in 
Fig. 2, while the enthalpy, ΔHSL

0i
 , determined from the areas 

under the melting peaks with respect to sample mass were 
shown in Fig. 3.
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In order to correct for the thermal lag and possible super-
heating due to the high scanning rates, the onset tempera-
tures were extrapolated to zero scanning rate to obtain the 
equilibrium melting temperature, TSL

0i
 . The enthalpy, ΔHSL

0i
 , 

depends linearly on sample mass, m0, independent of the 
scanning rates, and the slope from the linear dependency 
depicts the specific melting enthalpy, ΔhSL

0i
 . The glass transi-

tion temperature TG
0i

 corresponds to the half-step temperature 
of the heat capacity step.

The melting properties ( TSL
0i

 and ΔhSL
0i

 ) and glass transi-
tion temperature ( TG

0i
 ), as well as heat capacity difference 

between liquid and solid states at the glass transition tem-
perature ( ΔcSL

p0i
(TG

0i
 )) and at melting temperature ( ΔcSL

p0i
(TSL

0i
 )) 

measured with FSC were listed in Table 2.
The experimental melting properties determined from 

FSC (Table 2) and DSC (Table 3) showed a considerable 
discrepancy. In order to understand this discrepancy, fur-
ther measurements with an extension of the scanning rates 
of FSC to lower values, ranging from 1000 K∙s−1 down to 
1 K∙s−1, were performed for D-α-glucose, D-β-fructose, and 
D-sucrose. The obtained data were compared to the DSC 
and literature data, cf. Table 4.

Melting Properties with DSC  The saccharides D-α-glucose, 
D-β-fructose, D-sucrose, D-α-galactose and D-α-xylose 
were characterized experimentally with Differential Scan-
ning Calorimetry (DSC) with the scanning rate 10 K∙min−1, 
presented in Fig. 4. The “melting” properties ( TSL

0i
(�) and 

ΔhSL
0i

 ) and glass transition temperature ( TG
0i

 ), as well as the 
heat capacity difference between liquid and solid states at 
the glass transition temperature ( ΔcSL

p0i
(TG

0i
 )) and at melting 

temperature ( ΔcSL
p0i

(TSL
0i

 )) measured with DSC were listed in 
Table 3.

FSC Scanning Rate Dependency Extended to Lower Val‑
ues  Scanning rate dependent measurements were conducted 
for D-α-glucose, D-β-fructose, and D-sucrose. The scanning 
rates of FSC were extended to lower values, ranging from 
1000 K∙s−1 to 1 K∙s−1, for comparison with results from 
DSC at 10 K∙min−1 (0.17 K∙s−1)and literature data [27, 
31–34, 47–49].

In Fig. 5, the melting peak onset temperatures, deter-
mined with FSC for scanning rates from 10,000 K∙s−1 to 
1 K∙s−1, were presented as solid red circles together with 
the data from Fig. 2. The results at scanning rates below 
10  K∙s−1 are consistent with DSC and literature data 
(Fig. 5(inset)). The observed scanning rate dependency is 
strongly non-linear at low scanning rates, indicating other 
influences than thermal lag.

As in Figs. 2 and 5, the equilibrium melting temperature, 
TSL
0i

 , was determined from FSC data for heating rates above 

1000 K· s−1 as linear extrapolation of onset temperatures 
to zero scanning rate. This linear extrapolation as a cor-
rection for the thermal lag is shown as the dashed black 
line in Fig. 5. On the other hand, the onset temperatures 
decrease exponentially with decreasing scanning rates below 
10 K∙s−1. The reported melting temperatures in the literature 
were obtained or extrapolated to zero scanning rate by using 
data from the scanning rate range showing the non-linear 
decrease of onset temperatures [27, 31–34, 47–49].

As in Fig. 3, the melting enthalpy, ΔhSL
0i

 , was determined 
from FSC as the slope of a linear fit (red dashed line) of 
enthalpy, ΔHSL

0i
 , in respect to sample mass, m0, regardless 

of the scanning rates, and fixing the origin to zero. The FSC 
melting enthalpy was depicted as the solid horizontal red 
line in Fig. 6, independent of the scanning rate. However, 
melting enthalpy determined from DSC and literature data 
have values lower than that determined by FSC. Further-
more, they exhibit a non-linear decrease with decreasing 
scanning rate below 10 K∙s−1.

Similar to the melting temperatures from the literature, 
the melting enthalpies reported in the literature were partly 
obtained at zero scanning rate by extrapolating the non-lin-
ear decreasing values [27, 31–34, 47–49]. This discrepancies 
of melting properties determined from FSC and literature 
data are presented in Table 4.

Activation Energy  As shown in Figs. 5 and 6, depending 
on the scanning rate, the determined melting properties can 
be divided into two groups: A linear dependency for heat-
ing rates above 1000 K·s−1 and a non-linear dependency 
for heating rates below 1000 K·s−1. The linear dependency 
can be described in terms of thermal lag due to limited heat 
transfer between the sensor membrane and the sample. The 
thermal lag increases with increasing scanning rate, which is 
corrected by linear extrapolations to zero scanning rate. We 
should note the investigation of D-sucrose melting by Toda 
et al. [34], where the temperature shift of the endothermic 
peak onset was evaluated in terms of a superposition of three 
phenomena: thermal lag, crystal superheating, and chemi-
cal decomposition. From our perspective, introducing the 
superheating phenomenon into consideration for crystals 
of molecular compounds is not necessarily needed, even of 
interest for understanding the melting process itself. It also 
should be mentioned that superheating should result in a 
non-linear behavior at high heating rates. In Fig. 5 a non-
linear behavior is only seen for low heating rates. Therefore 
there is no need to consider superheating for the interpreta-
tion of our data. Furthermore, possible chemical decompo-
sition at slow heating is nicely fitted with n-order kinetical 
equations (often 1st order). In this case, fitting the onset melt-
ing temperature against β0.4–0.5 does not allow for distin-
guishing chemical decomposition and possible superheating. 
Therefore, we analyzed the observed dependence of onset 
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melting temperatures without introducing any correction 
for superheating. In future work, the possibility of super-
heating should be initially studied for similar compounds 
where melting occurs without decomposition (e.g. mannitol, 
erythritol).

It is important to point out that prior to melting proper-
ties investigation in wide scanning rate ranges, nowadays 

available with FSC, it was widely assumed that onset tem-
perature and enthalpy determined from the endothermic 
peak from DSC, and several literature data signify the 
“melting properties”. However, the “melting properties” 
determined in the non-linear dependency region cannot be 
explained in terms of thermal lag. Hence, this non-linear 
dependency is analyzed in terms of a chemical process by 
using isoconversional kinetics. Note that we refer to the 

Table 4   Melting properties 
of D-α-glucose, D-β-fructose, 
and D-sucrose determined with 
FSC, DSC at 10 K·min−1 and 
from literature for comparison

Substances T
SL
0i
(≎) / K Δh

SL
0i

 / kJ·mol−1

β = 10 K·min−1 β → 0 β = 10 K·min−1 β → 0

D-α-glucose 448 ± 7 40 ± 5 FSC
432 ± 1 36 ± 1 DSC
429.8 412.0 36.6 31.5 Ref. [32]
428.4 419.7 35.1 33.4 Ref. [27]

408.2 32.5 Ref. [48]
416.2 32.3 Ref. [49]

431.6 Ref. [47]
D-β-fructose 420 ± 7 35 ± 4 FSC

382 ± 2 34 ± 1 DSC
385.4 370.0 35.0 30.3 Ref. [31]
398.9 385.9 31.9 27.8 Ref. [27]

353.2 32.5 Ref. [48]
381.2 30.5 Ref. [49]

386.8 Ref. [47]
D-sucrose 474 ± 9 45 ± 5 FSC

459 ± 4 43 ± 2 DSC
457.2 424.4 45.0 32.0 Ref. [33]
460.0 462.1 Ref. [34]
462.1 457.7 43.3 24.5 Ref. [27]

433.2 41.1 Ref. [48]
446.2 40.4 Ref. [49]

424.2 Ref. [47]

Fig. 4   Experimental specific heat capacity of crystalline (solid green 
line), phase transition from crystalline to liquid (solid red line) and 
glass transition (solid blue line) of (left) D-α-glucose, (middle) D-β-
fructose and (right) D-sucrose by standard DSC. Literature data for 
D-α-glucose (solid black squares [43], empty black squares [44]), 

D-β-fructose (solid black squares [43], empty black squares [31]) and 
D-sucrose (solid black squares [45], empty black squares [33], empty 
black circles [46]) were also included. The results for D-α-galactose 
and D-α-xylose are in Figure S3 in SI
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observed endothermic peak in the non-linear dependency 
region as a chemical process. We would like to highlight 
the distinction.

In terms of isoconversional kinetics [50], the conversion, 
α, was evaluated from the endothermic peak for heating rates 
in DSC and FSC measurements as

where ∆H is the enthalpy of a segment of the endothermic 
peak and ∆Htotal is the total enthalpy of the corresponding 
peak. The resulting temperature and heating rate dependence 
of the conversion are shown in Fig. 7.

Typically, with increasing scanning rates, the temperature 
dependence of the conversion shifts to higher temperatures. 

(7)� =

∫ t

t0

dH

dt
dt

∫ ttotal
t0

dH

dt
dt

=

ΔH

ΔHtotal

This was observed for D-α-glucose and D-β-fructose. 
However, this trend is not observed for low heating rates 
in D-sucrose. This could be explained by the application 
of too low heating rates for the FSC device together with 
a low thermal contact introducing additional uncertainty 
in temperature assessment of the conversion, α. There-
fore, for D-sucrose, the temperature dependence of the 
conversion with very low heating rates was removed from 
consideration and only data for higher scanning rates but 
still < 1000 K·s−1 were used in the evaluation and are pre-
sented in Fig. 7(right).

By assuming an Arrhenius equation for the chemical pro-
cess, the conversion rate corresponding to isoconversional 
conditions, α = const, at each heating rate was used to evalu-
ate the apparent activation energy EA and kinetic factor A 
for the chemical process, as an example of α = 0.2 shown 
in Fig. 8.

Fig. 5   Extrapolated onset temperature of the melting peak for (left) 
D-α-glucose, (middle) D-β-fructose and (right) D-sucrose deter-
mined from FSC (solid red circles) towards lower scanning rates. Lit-
erature data for D-α-glucose (solid black squares [32], empty black 
squares [27], empty black circles [47]), D-β-fructose (solid black 

squares [31], empty black squares [27], empty black circles [47]) and 
D-sucrose (solid black squares [33], empty black squares [27], empty 
black circles [47], empty black triangles [34]) were included for lower 
scanning rates

Fig. 6   Melting enthalpy for (left) D-α-glucose, (middle) D-β-fructose 
and (right) D-sucrose towards low scanning rates. Solid red lines 
indicate the melting enthalpy determined from FSC with higher scan-
ning rates, as shown in Fig. 3, while empty red squares are melting 
enthalpy determined from DSC with 10 K·min−1. Literature data for 

D-α-glucose (solid black squares [32], empty black squares [27]), 
D-β-fructose (solid black squares [31], empty black squares [27]) and 
D-sucrose (solid black squares [33], empty black squares [27]) were 
included for lower scanning rates
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The conversional dependence of the activation energy 
EA and A for different α of D-α-glucose, D-β-fructose, and 
D-sucrose are shown in Fig. 9.

PXRD Measurements  The crystal structures of the initial 
solid state (as supplied) and the solid phase in equilibrium 
with the saturated solution were characterized with PXRD 
measurements to ensure the same crystal structure. In the 

knowledge of the mutarotation of the saccharides between 
the α-form and β-form in the liquid phase [51], the crystal 
structure diffractograms of the solid from the Cambridge 
Crystallographic Data Centre (CCDC) of the saccharide were 
compared to the measurements and presented in Fig. 10.

The pure D-glucose was characterized as D-α-glucose. 
In aqueous solutions, the formation of D-α-glucose 

Fig. 7   Temperature dependence of the conversion for heating rate from 0.2 K·s−1 (10 K·min−1) to 1000 K·s−1 for (left) D-α-glucose, (middle) 
D-β-fructose and (right) D-sucrose

Fig. 8   Arrhenius plot of isoconversional at α = 0.2 for (left) D-α-glucose, (middle) D-β-fructose and (right) D-sucrose

Fig. 9   The conversion dependence of activation energy, EA and kinetic factor, A for the chemical process in (left) D-α-glucose, (middle) D-β-
fructose and (right) D-sucrose. The uncertainty bars correspond to the standard deviation k = 1 and confidence level of 0.68
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monohydrate was observed at T = 298.15 K, which was 
already observed in the literature [52, 62]. The monohydrate 
was not found in solution at T = 323.15 K. This concludes that 
the dehydration temperature must be between 298.15 K and 
323.15 K to form the anhydrous D-α-glucose. Furthermore, 
the diffractogram of the solid phase at T = 323.15 K shows 
similarities to the D-α-glucose and D-β-glucose diffracto-
gram, which verifies the mutarotation in aqueous solutions.

For D-sucrose, D-β-fructose and D-α-xylose, and D-α-
galactose no crystal change was observed in the solid phase 
during the solubility measurements. Therefore, D-β-fructose, 
D-α-xylose and D-α-galactose were assigned to their β-form 

and α-forms, respectively, and D-sucrose to the disaccha-
ride crystal form α-glucopyranosyl-β-fructofuranoside. In 
this work, the PXRD measurements did not indicate crystal 
changes up to 323.15 K. In literature for even higher tempera-
tures, solubility measurements were carried out, which means 
that the solubility literature data must be treated with care as 
to whether they are still valid for the higher temperatures. 
All the PXRD measurements are shown in Figure S4 in SI.

Solubility Modeling with PC‑SAFT  The solubility of all 
saccharides was modeled with PC-SAFT based on the 
experimental melting properties measured with FSC at 
rates > 1000 K·s−1. The absolute relative deviations (ARD) 
is used to quantify the difference between PC-SAFT values 
and the experimental solubility according to Eq. (8)

where NP is the number of the available experimental solu-
bility points, xexp

k

 and xPC−SAFT
k

 are the experimental solubil-
ity and PC-SAFT modeled solubility, respectively.

As already shown in the previous work [19], the ΔhSL
0i

 has 
the most significant influence on the modeled solubility. 
Unfortunately, the melting enthalpies from FSC also show 
the highest uncertainty with up to 20% compared to 2% for 
ΔcSL

p0i
(TSL

0i
) and 5% for TSL

0i
 . Hence, the TSL

0i
 and the ΔcSL

p0i
(TSL

0i
) 

were taken directly from the FSC measurement without 
varying within the experimental FSC uncertainty, while the 
melting enthalpy was adjusted within its FSC uncertainty to 
the experimental solubility data point at 298.15 K. In con-
clusion, the melting enthalpy adjusted by PC-SAFT is within 
the uncertainty of the FSC measurement for D-sucrose. For 
D-α-galactose the melting enthalpy was adjusted slightly 
outside the FSC uncertainty (Table 5) but still resulting in a 
good agreement between the PC-SAFT values and the exper-
imental FSC data. The PC-SAFT parameters used in this 
work are listed in Table S1, while the single solubility dia-
gram as well as the effect of the activity coefficients are 
shown and explained in Figures S5 and S6 in the SI. This 
shows that the effect of the mutarotation resulting in differ-
ent solubilities as well as melting properties of the different 
crystal forms plays a crucial role in the solubility modeling 
of saccharides and needs to be further investigated.

Discussion

Melting Properties  The experimental melting properties of 
saccharides have first been determined with FSC in a wide 
range of scanning rates from 2000 K·s−1 to 10,000 K·s−1 

(8)ARD = 100
1

NP

NP∑

k=1

|
|
|
|||

(

1 −
xPC-SAFT
k

x
exp

k

)|
|
|
|||

Fig. 10   PXRD diffractogram of (a) D-α-glucose, (b) D-sucrose and 
(c) D-α-galactose. Green line: pure substance; black line: solid phase 
of the supersaturated solution at T = 298.15 K, red line: solid phase of 
the supersaturated solution at T = 323.15  K, blue, orange and violet 
line: PXRD diffractograms from CCDC
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and were then extended towards lower scanning rates from 
1000 K·s−1 down to 1 K·s−1 for D-α-glucose, D-β-fructose, 
D-sucrose. The results were compared to the “melting prop-
erties” determined with DSC (0.17 K·s−1; 10 K·min−1), as 
well as literature data.

At first glance, the melting properties of D-α-glucose, 
D-β-fructose, and D-sucrose determined with the FSC 
technique are higher than literature data determined with 
DSC at rates ≤ 10 K·min−1. The observed increase of the 
melting parameters with the heating rate reported in the 
literature were assessed to be due to three phenomena: (i) 
thermal lag resulting from the heat transfer in the calorim-
eter-sample system, (ii) chemical decomposition kinetics, 
and (iii) “superheating” [53–57]. Unfortunately, our data 
do not allow a separation of “superheating” from thermal 
lag and both effects are considered jointly. Superheat-
ing is a minor effect in our data since, within the uncer-
tainty, a linear heating rate dependency is observed above 
1000 K·s−1.

In Fig. 5(right), the onset temperature of the melting peak 
in respect to scanning rates of D-sucrose determined with 
FSC in this work is in good agreement with literature FSC 
data by Toda et al. [34]. According to Toda, the melting tem-
peratures measured with FSC from 0.5 K·s−1 to 10,000 K·s−1 
were analyzed, including corrections to “superheating” 
and thermal lag, even though the melting temperatures 
decrease non-linearly with decreasing scanning rates below 
1000 K·s−1 due to chemical processes. The equilibrium melt-
ing temperature was determined as TSL

0i
 = 462.1 K by taking 

into consideration the non-linear region [34]. We strictly 
differentiate the regions with linear (above 1000 K·s−1) and 
non-linear (below 1000 K·s−1) scanning rate dependencies. 
The thermodynamic equilibrium melting temperature of 
D-sucrose determined in this work is TSL

0i
 = (474 ± 9) K, not 

too far from the value reported by Toda [34].
Hence, the linear scanning rates dependency region 

(above 1000 K·s−1) shown in Figs. 5 and 6 were attributed 
only to the thermal lag and accordingly corrected with 
extrapolation to zero scanning rate in order to obtain ther-
modynamic equilibrium melting properties.

The non-linear scanning rate dependency region (below 
1000 K·s−1) measured with FSC was also observed from 

literature data [27, 31–34, 48, 49], where the melting proper-
ties of saccharides have been intensively investigated.

Nevertheless, most literature studies concluded the equi-
librium melting properties at zero scanning rate by consider-
ing the non-linear dependency. In the case of an unknown 
theoretical background of the observed phenomena and 
obvious non-linear dependency, such extrapolation can lead 
to errors in thermodynamic quantities, as shown below.

The non-linear region was analyzed with isoconver-
sional kinetics in order to determine the type of observed 
process. As shown in Fig.  9 for D-α-glucose, D-β-
fructose and D-sucrose, the activation energy at a level of 
300–600 kJ·mol−1, was observed for small conversions, 
α = 0.1 (at the start of the process). Such activation energy 
is higher than the sublimation enthalpy, e.g. the sublimation 
enthalpy of D-α-glucose is ΔhSV

0i
(400 K) = (194 ± 5) kJ·mol−1 

[58]. As generally agreed, no physical process can have an 
activation barrier higher than the lattice energy. The activa-
tion energy of 300–600 kJ·mol−1 can only be rationalized in 
terms of chemical kinetics corresponding to the decomposi-
tion of molecular compounds with dehydration, deamina-
tion, or decarboxylation processes within the crystal lattice 
[59, 60]. The same conclusion can be found in the work of 
Lee et al., who conducted a temperature modulated DSC 
study of melting/decomposition of D-sucrose combined with 
High-Performance Liquid Chromatographic analysis of the 
system at each treatment temperature [61], as well as in the 
work of Toda et al. [34]. The chemical decomposition has 
been noticed in other literature too. However, decomposition 
was commonly neglected and only considered as a small 
effect [27–33].

The decomposition of saccharides was also studied with 
TGA [31, 32]. The decomposition and corresponding mass 
loss were observed to occur above melting in the liquid 
phase. Additionally, in order to determine the stability of 
the saccharide,32 very small mass losses of 2.5% and 3.5% 
were detected under isothermal conditions of 360 min at 
413 K and 415 K, respectively. It has been concluded that 
the mass loss corresponds to dehydration of the saccharide 
and water evaporation.

The main question that arises from the isoconversional 
kinetic analysis of the FSC data is why the decomposition of 
D-α-glucose observed during non-isothermal TGA studies 

Table 5   Solubility wsat
298.15K

 (uncertainties represents the standard 
deviations of multiple measurements, melting properties used in PC-
SAFT: melting temperature TSL

0i
 , melting enthalpy ΔhSL

0i
 and the slope 

( aL
cp0i

 , aS
cp0i

 ) and interception ( bL
cp0i

 , bS
cp0i

 ) of the heat capacity of liquid 
and solid, and difference in the heat capacity at melting temperature 
Δc

SL
p0i
(T

SL
0i
)

Substances w
sat

298.15K T
SL
0i

Δh
SL
0i

a
L
cp0i

b
L
cp0i

a
S
cp0i

b
S
cp0i

Δc
SL
p0i
(T

SL
0i
)

/ g g−1 / K / kJ·mol−1 / J·mol−1·K−2 / J·mol−1·K−1 / J·mol−1·K−2 / J·mol−1·K−1 / J·mol−1·K−1

D-sucrose 0.6712 ± 0.05 474 49.52 1.167 328.995 1.516 -27.446 190.945
D-α-galactose 0.3256 ± 0.03 488 41.23 0.679 151.713 0.749 -4.192 121.618
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occurs at higher temperatures (above the melting point) and 
has significantly lower activation energy.

Generally, saccharides have high solubility in water 
(74.1 g of D-α-glucose in 100 g of water at 373.15 K [62], 
and as it is assumed in most studies, the main product of 
saccharide decomposition at first stages is water. The high 
solubility or high interaction of water with the saccharide 
molecules in combination with a low concentration of water 
confined in the saccharide crystal lattice leads to a very 
low activity of water in saccharides. When the saccharide 
decomposes, the saccharide immediately dissolves in the 
decomposition product of water. Therefore, no mass loss 
can be determined experimentally at this temperature, and 
the temperature interval of mass loss determination is shifted 
significantly to higher temperatures, where the remaining 
saccharide is already liquid and the activity of water is sig-
nificantly higher.

Solubility Modeling with PC‑SAFT  In the following, the solu-
bility modeling is discussed. In Fig. 11 the aqueous temper-
ature-dependent solubilities of D-sucrose and D-α-galactose 
are presented. In the literature, the isothermal method was 
mainly used to measure solubility applying different ana-
lytical methods (refractive index [3, 63], high-performance 
liquid chromatography [1, 9], gravimetric method [64]), 
which requires a sufficient time for the equilibration between 
the liquid and solid phase. The minimum equilibration time 

is difficult to determine because the aqueous solutions are 
highly viscous due to the high solubility of the saccharides. 
Thus, the free mobility of the molecules is significantly 
restricted due to less free volume. Therefore, equilibrium 
times up to 48 h were chosen in the literature. It was also 
known that saccharides tend to decompose at higher tem-
peratures (brown coloration due to the Maillard reaction). 
No brownish coloration was detected during the solubility 
measurements done in this work, so no decomposition due 
to the Maillard reaction took place.

The PC-SAFT modeling curves for the other com-
pounds are not shown: Glucose forms a monohydrate in 
solution, so the modeling based on the melting properties 
of glucose anhydrate is not allowed based on Eq. 5. Fruc-
tose and xylose do not change crystal structure upon solu-
bilizing the solid into the qeous solution. However, the 
PC-SAFT modeled melting enthalpy is not within the 
uncertainty of the FSC measured melting enthalpy, but it 
is clearly lower than the FSC value. For fructose a melt-
ing enthalpy of ΔhSL

0,Fructose,PC-SAFT
≈ 24kJ∕mol is obtained with 

PC-SAFT, while the FSC measurement yielded a mini-
mum value of ΔhSL

0,Fructose,FSC,min
= 29kJ∕mol . For xylose the same 

w a s  o b s e r v e d  (  ΔhSL
0,Xylose,PC-SAFT

≈ 29kJ∕mol  a n d 
ΔhSL

0,Xylose,FSC,min
= 37kJ∕mol) . This also shows that the results 

from PC-SAFT modeling do not correspond to either the 
DSC nor FSC measurement results. Therefore the mod-
eling for these compounds was excluded from Fig. 11. 
The question to be answered is the origin of this deviation 
between FSC, DSC and PC-SAFT. One reason might be 
decomposition into chemically similar structures at higher 
temperatures. For D-α-glucose, different decomposition 
pathways are known, e.g. to erythrose + glycoaldehyde 
( TSL

glycoaldehyde
  =  370.15  K) [66] or glyceraldehyde 

( TSL
glyceraldehyde

 = 418.15 K) [60]. The lower melting tem-
peratures indicate a high solubility of these compounds, 
which could explain the high measured solubility of D-α-
glucose at high temperatures. Further, modeling is only 
allowed above the dehydration temperature of glucose, 
i.e. T = 323.15 K. This was already reported in literature 
resulting in the solubility order D-α-glucose monohy-
drate > D-α-glucose > D-β-glucose [63]. Another reason 
of the divergence between FSC and PC-SAFT is certainly 
tautomerism. The tautomeric equilibrium of the saccha-
rides in aqueous solutions between the α-form and β-form 
in the pyranose or furanose form have been investigated 
in detail [51, 67]. Due to the mutarotation of monosac-
charides in aqueous solution, over 99% of the pyranose 
form is found in solution [68], which contributes in the 
α-form (44%) and β-form (56%) for aqueous glucose solu-
tions, respectively. In general, the solubility data of a 
compound has to end in its melting temperature in its pure 

Fig. 11   The temperature-dependent weight-fraction based solubility 
wi of D-sucrose and D-α-galactose: The symbols represent literature 
data, while the lines represent PC-SAFT modeling using PC-SAFT 
parameters from Table S1 in SI and melting properties from Table 2. 
D-sucrose: solid red up-triangles [3], solid red down-triangles [5], 
solid red diamonds [6], solid red line from PC-SAFT. D-α-galactose: 
solid orange up-triangles [7], solid orange down-triangles [65], solid 
orange line from PC-SAFT. The stars at wi = 1 are the FSC derived 
melting temperatures from Table 2
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compound (cf, e.g. Figure 11). In the case of mutarota-
tion, it is expected that the α-form and β-form have dif-
ferent crystal structures and thus different melting proper-
ties. As described before, the α-form shows higher 
solubility compared to the β-form of glucose. Therefore, 
the melting temperature of the α-form is also higher than 
that of the β-form. Since more D-β-glucose is in aqueous 
solutions, the literature solubility data tend to end in the 
melting temperature of D-β-glucose. The same phenom-
enon of mutarotation could be observed for the monosac-
charides D-β-fructose and D-α-xylose. For D-α-galactose 
the solubility modeling was successful despite the fact 
that the mutarotation α-form (28.5%) and β-form (59.5%) 
was also reported in literature [69]. This can only be the 
case if the melting temperatures of the α-form and β-form 
are relatively close to each other. This has to be still 
investigated in the future. However, as shown in Fig. 11 
the PC-SAFT modeled solubility based on experimental 
FSC result is in good agreement with experimental solu-
bility and literature data for D-α-galactose.

To our best knowledge, for disaccharides such as 
D-sucrose mutarotation cannot be observed. In this work, 
D-sucrose solubility was modeled as previously done for 
amino acids [19, 20] and peptides [21, 22]. The FSC melt-
ing enthalpy was adjusted to the solubility at T = 298.15 K 
with the experimentally obtained difference between solid 
and liquid state heat capacities and is still within the FSC 
uncertainty. For D-scurose, other validations are possible: 
In the sugar industry, the following equation of Vavrinecz 
[70] is mainly used by sugar technologists to model the 
solubility of D-sucrose in water.

For T < 100 °C

For 100 °C < T < 140 °C

where wsucrose is the solubility in gD−sucrose ∙ 100g−1solution and T 
the temperature in °C. Since the model parameters in equations 
( 9 ) and ( 10 ) were empirically adjusted to the solubility data, 
they show smaller deviations from the experimental solubility 
data compared to the PC-SAFT modeling, which is based 
purely on the experimentally determined melting properties 
of the pure substances. The pure-component parameters used 
in PC-SAFT are also fitted to non-solubility data (densities 
and osmotic coefficients in water). Nevertheless, the resulting 
PC-SAFT modelings are in good agreement with the 
experimental solubility and literature data (cf. Figure 11).

(9)

wsucrose = 64.447 + 0.08222 ∙ T

+1.6169 ∙ 10−3 ∙ T2

−1.558 ∙ 10−6 ∙ T3

−4.63 ∙ 10−8 ∙ T4

(10)
wsucrose = 71.0615 + 0.053625 ∙ T

+6.55303 ∙ 10−4 ∙ T2

Conclusions

In this work, the melting properties of five saccharides 
(D-α-glucose, D-β-fructose, D-sucrose, D-α-galactose, 
and D-α-xylose) were successfully determined with 
FSC in a wide range of scanning rates from 1 K·s−1 up 
to 10000 K·s−1. The FSC results were compared to the 
“melting properties” determined with DSC (10 K·min−1), 
as well as literature data. The FSC results in the low scan-
ning rate range agree well with the DSC results and the 
literature data. This validates the accuracy of the FSC 
measurement method. The scanning rate dependency of 
the melting properties (Figs. 5 and 6) can be divided into 
two regions, a linear dependency (above 1000 K·s−1) and 
a non-linear dependency (below 1000 K·s−1).

With FSC, the thermodynamic equilibrium melt-
ing temperatures of the saccharides were determined by 
extrapolating the apparent melting temperatures in the lin-
ear scanning rate dependency region (above 1000 K·s−1) to 
zero scanning rate, which corrects for the thermal lag and 
possible minor contributions from superheating.

In order to understand the chemical process contrib-
uting to the non-linear dependency (below 1000 K·s−1) 
regions, the melting peaks were analyzed in terms of iso-
conversional kinetics. The isoconversional method allows 
for the analysis of the scanning rate dependency of the 
melting properties. The activation energy determined 
from the kinetic analysis is higher than the sublimation 
enthalpy, and therefore the activation energies can only 
correspond to chemical decomposition, e.g. dehydration 
or deamination processes. This corresponds with the con-
clusion from Toda et al., where the “melting” kinetics of 
D-sucrose below the thermodynamic equilibrium melting 
temperature is mainly driven by decomposition kinetics 
[34]. This conclusion was also observed in the literature, 
though often disregarded in the determination of melting 
properties [27–32].

The experimental melting properties determined from 
FSC were used as input in PC-SAFT, resulting in suc-
cessful modeling of solubility for D-sucrose. and D-α-
galactose, which are in good agreement with the experi-
mental solubility data and literature data. The solubility 
of D-α-glucose, D-β-fructose, and D-α-xylose cannot be 
modeled with PC-SAFT due to mutarotation. The effect of 
the mutarotation between the α-form and β-form plays an 
essential role in the solubility modeling and still needs to 
be further investigated.

It was shown that the experimentally determined melt-
ing properties are indispensable parts of solubility model-
ling using PC-SAFT. The access to the melting properties 
not only allows solubility modelling but also the quantifi-
cation of the activity coefficients, which will give access 

194 Food Biophysics (2022) 17:181–197



1 3

to future model validation. The combination of FSC and 
PC-SAFT opens the door to model solubility of solid com-
pounds that decompose before melting.
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